The objective of this paper is to develop a customized autopilot system that enables a helicopter model to carry out an autonomous flight using on-board microcontroller. The main goal of this project is to provide a comprehensive controller design methodology, Modeling, simulation, guidance and verification for an unmanned helicopter model. The autopilot system was designed to demonstrate autonomous maneuvers such as flying over the planned waypoints with constant forward speed and considerable steep maneuvers. For the controller design, the nonlinear dynamic model of the Remote Control helicopter was built by employing Lumped Parameter approach comprising of four different subsystems such as actuator dynamics, rotary wing dynamics, force and moment generation process and rigid body dynamics. The nonlinear helicopter mathematical model was then linearized using small perturbation theory for stability analysis and linear feedback control system design. The linear state feedback for the stabilization and control of the helicopter was derived using Pole Placement Method. The overall dynamic system control with output feedback was computed using Genetic Algorithm. Series of Matlab-Simulink models and guidance algorithms were presented in this work to simulate and verify the autopilot system performance. The proposed autopilot has shown acceptable capability of stabilizing and controlling the helicopter during tracking the desired waypoints. This paper is presenting a detailed comparison study for two different guidance strategies. The first strategy is concerning the difference between the desired heading or elevation referred to the next waypoint and the actual heading or elevation of the unmanned helicopter model. The second strategy is concerning the relative distance between the actual and the desired trajectories. In other words the first method is tracking the waypoints while the second one is tracking the trajectory. In this work a comparison study was conducted through the mentioned strategies simulation to show the significant differences in the output performance. Some performance indexes were presented to evaluate the system performance errors and the control effort needed for both strategies using the same desired trajectory and the same waypoints.
Helicopter Model
Helicopter dynamics obey the Newton-Euler equations for rigid body in translational and rotational motions. The helicopter dynamics can be studied by employing lumped parameter approach which presents that the helicopter model shown in Fig. 1 as a composition of following components; main rotor, tail rotor, fuselage, horizontal bar and vertical bar. Figure 2 illustrates typical arrangement of component forces and moments generated in helicopter simulation model, [1, 2] .
Fig. 1 Raptor 90 (15 cc Engine)
Forces equations:
Moment equations:
Kinematic equations:
The physical helicopter parameters used for the model (Raptor 90) are given in Table 1 .
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Fig. 2 Typical Arrangement of Component Forces and Moments Generation in 6-DOF Helicopter Simulation Model
The linearized matrices for hover condition excluding the control rotor (Six DOF model eight states) are given in Table 2 and Table 3 . Each column and row is marked with the states and inputs that are being referred to the state space model. Table 4 states the stable and unstable eigenvalues according to the different modes for six DOF in hovering and low speed flight conditions. Figure 3 illustrates the different poles on the corresponding Pole-Zero Map. The objective of applying Pole Placement Method (PPM) to 6-DOF model is to shift the unstable Poles (the above marked ones) to the Left region of the root Locus (stable region).
Consequently an initial stable reference model is established and ready to be tuned by applying GA functions to optimize the net performance index. The default poles will be placed in new position as the following (-0.8±1.095i, -0.85±1.096i, -57, -10, -15, -10) according to the stated flying qualities in Fig. 4 , [5] : 
Application of GA Functions to optimize the PID Controller Parameters
The main objective of the proposed GA procedure is to optimize (minimize) the output performance index (maximize fitness function) of the whole integrated control system used in Fig. 5 . An application of GA code combined with SIMULINK control model for the proposed Helicopter model is implemented to minimize the performance index (J), [3] .
The equation describing the net output performance (J) is stated below: The previous index can be obtained from the nonlinear simu lation of the pitch control model consequently GA can use it as the fitness function.
Optimizing PID Parameters

Using binary system coding
Coding: using 10-bit binary genes to express
. For example (K P ) from bit 1 .Then string
to 30-bit binary cluster. 0000100010 1 110111000 0000110111 : x expresses a chromosome, the former 10-bit expresses K P , the second portion expresses K I and the third one expresses the K D .
Decoding: Cut one string of 30-bit binary string to three 10-bit binary string, then convert them to decimal system values y 1, y 2 and y 3 , [3, 4] . 
Evaluation of fitness function
Fitness function is the main criterion of the GA algorithm, as it represents how much the system is optimum and stable. The following equation describes the relation between the fitness function and the performance index.
Design operators
Proportion selection operator，single point crossover operator，basic bit mutation operator.
Parameters of GA
Population size is 0 4  M , generation 100  G , crossover probability 0.60 c  P ，mutation probability 0.10 m  P . Adopting the above steps, after 100 steps iteration, Fig. 6 , the best performance index will be reached giving the optimum gains as shown in Table 5 .
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Integrated Control System
Building up the PID controller using the previous optimum gains stated in Table 5 (inner loop controller). Then a proposed guidance algorithm is established and fed with the flying model position from the GPS and the waypoints data (number of waypoints, locations and sequence). Applying vector analysis with mathematical aids, the relative heading and elevation with respect to the next waypoint will be calculated. Consequently the required change in heading and elevation will be fed to the PID controller (outer loop) after applying manual tuning to the out loop gains. Figure 7 demonstrates the current and the relative heading with respect to the next waypoint in the sequence. The guidance algorithm maintains the actual flight path not to fly in continuous loops around a definite waypoint by using some switching limiters such as acceptable circular error around the proposed waypoints and switching orthogonal liners. Figure 8 shows the integrated control system including (Helicopter Model, Guidance Algorithm and PID Controller) with the input commands and the output performance. The guidance algorithm was implemented using Matlab code, and all the simulation results were conducted using Simulink.
Guidance Approach
TTM Trajectory Tracking Method
This approach is concerning the relative distances such as the lateral and the vertical distances with respect to the desired trajectory current segment DTCS body axis Fig. 9 . In this method (in case of lateral control) inner and outer loops will be required, the inner loop will control the yaw rate and the outer loop will be fed by the lateral relative distance with respect to the desired trajectory current segment DTCS body axis while the feedback signal will represent the change in the heading as the absolute heading is not useful in this case. Both the inner and the out loop gains will be tuned by several trials after system integration. This approach leads to minimize the relative distances between the actual flight path and the desired trajectory. 
WPTM Waypoint Tracking Method
This approach is concerning the relative heading and elevation with respect to waypoints, Fig. 10 . Applying some vector analysis the required change in heading or elevation will be easily calculated, consequently they will be fed to the yaw rate inner loop after tuning the command input gain according to the performance criteria, [1] .
Fig. 9 Lateral Distances using Trajectory Tracking Strategy
Fig. 10 Relative Heading using Waypoint Tracking Strategy
The following equations explain the transformation procedure starting from the actual flying model position with respect to fixed frame of reference to body coordinate of the DTCS with estimating a small initial conditions of (0.0001 for example) to avoid the singularities during simulation calculation, Fig. 11 , [2, 3] . 
System Performance
In the following figures (Fig. 12 through Fig. 31) , it is clear that the Trajectory Tracking Method TTM has a great and obvious impact in minimizing the relative distance between the actual flight path and the desired trajectory, the figures show that the flying model almost flying stick to the desired path when TTM is used while it tracks the waypoints only when WPTM is used regardless the relative distances between the actual and the desired path, thus increasing the relative distances (relative errors) when WPTM is used compared to the relative distances if TTM is used. Figure 26 shows also a considerable fluctuation with large amplitude when TTM is used rather than when WPTM is used expressing a large control energy consumed during TTM due to the high number of attempts performed by the flying model to track each segment in the desired trajectory segments. Figures 30 and 31 show that TTM would have longer endurance (5% more) than the WPTM for the same range (or mission), consequently TTM would have less range than WPTM for a given amount of fuel. 
System Evaluation
The absolute relative distance integral in both (X, Y) directions (in DTCS body axis) was chosen to be the evaluation criteria (Performance Index PI) in this work. Figures 40 and 41 show that the Trajectory Tracking Method TTM has less (Performance Index PI) when it is compared with Waypoint Tracking Method WPTM though the (Performance Index PI) using WPTM is slightly less than when using TTM in Z direction (with respect to DTCS body axis).
As the global performance index for both directions Y, Z (with respect to DTCS body axis) using TTM is much less when compared with the WPTM. On the other hand when applying the same performance index to both methods (TTM, WPTM) for yaw rate, yaw a cceleration and yaw jerk, it is clear that the TTM energy consumption during the tracking maneuvers is much more than the energy consumed by the WPTM as it is shown in Figs. 42, 43 and 44, [4, 5] . 
Conclusion
This paper has presented a customized autopilot using PID controller combined with a guidance algorithm. Genetic algorithm was used in this work to tune the proposed stable state space model after applying pole placement method PPM. The proposed stable poles satisfy the flying qualities criteria. The illustrated results show an adequate system performance with a reasonable relative distances with respect to the desired trajectory. The forward speed was maintained constant during the whole flight according the desired speed. The servos control efforts are satisfying the band width limits, and also the minimum and maximum limits. It is concluded from the system performance that it is recommended to use TTM in case when the unmanned flying model is required to track a planned trajectory with less relative errors, while the WPTM is recommended when the precision in tracking the planned trajectory is not an objective. However the control energy consumed by TTM is obviou sly more than WPTM for the same planned trajectory (Flight Path), thus the control servos using TTM would require more batteries than they would require when using WPTM. The application of hybrid system that utilizes both methods advantages is strongly recommended in this case. Using both methods will allow applying TTM during loitering when the tracking precision is required, while applying WPTM when it is only required to pass the waypoints without tracking the flight path passing those waypoints (when covering distances only is required during flight).
